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ABSTRACT
Embry, Paige, M.S., Spring 1987 Geology
Petrogenesis of the Yogo Peak stock, Little Belt Mountains, 
Montana
Chairman: Donald W. Hyndman ^
Yogo Peak is a small, composite intrusion in the Little Belt 
Mountains, part of the central Montana alkalic province. Rock 
types in the stock range from shonkinite, an augite syenite, to 
mafic monzonite to monzonite to syenite to quartz syenite to 
granite; transition between rock types is irregular and 
gradational.
Although lateral variation is considerable, vertical variation as 
exposed by a 300 m high cirque face is minor. Rock type and grain 
size vary on a scale of meters. Considerable mafic/felsic mineral 
heterogeneity exists on the scale of a thin section. Altered and 
rimmed olivine xenocrysts and other mafic minerals occur in rocks 
with up to 60 % Si02. Pétrographie analysis shows abundant
evidence of disequilibrium. Chemical variation between major 
oxides is strongly linear.
Previous workers suggest that the rocks evolved by crystal 
fractionation of a shonkinitic parent. I find that the data and 
relationships do not support in situ, or shallow level, crystal 
fractionation as the primary mechanism and that magma mixing of a 
partially crystalline shonkinitic magma with a partially, or 
wholly, liquid granitic magma best explains the field and 
pétrographie relationships at Yogo Peak.
Modelling indicates that two-component linear mixing of a 
shonkinitic magma and a granitic magma can explain 85 % to 96 % of 
major and minor element variation with the exception of titanium, 
aluminum, and potassium. Linear mixing can explain 80 % of
titanium variation, 76 % of aluminum variation but only 38 % of 
potassium variation. The principle cause of deviation from linear 
mixing was undoubtedly by some form of differentiation but 
attempts to model that deviation were unsuccessful.
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INTRODUCTION
Yogo Peak is a small, composite intrusion located in 
the Little Belt Mountains, part of the central Montana 
alkalic province. The stock consists of both alkaline and 
calc-alkaline rocks ranging from shonkinite, an augite-rich 
syenite, to mafic monzonite, to monzonite, to syenite, to 
quartz syenite to granite. Previous workers suggest that 
the Yogo Peak rocks evolved by crystal fractionation of a 
shonkinitic parent. However, field, pétrographie, and 
chemical data obtained in the present study do not support 
an origin for these rocks by in situ crystal fractionation 
of a shonkinite. Magma mixing of a partially crystalline, 
shonkinitic magma with a partially, or wholly liquid, 
granitic magma best explains most of the relationships at 
Yogo Peak. A two-component linear mixing model indicates 
that, except for potassium, magma mixing can explain most of 
the chemical variation in major and minor elements. Some 
form of differentiation, not necessarily crystal 
fractionation, likely accounts for the deviations from 
linear mixing.
Relationships supporting magma mixing include the 
following: intimate co-existence of alkaline and calc-
alkaline rocks, gradational and irregular rock transitions, 
inclusion of one rock type within another, outcrop and thin 
section scale heterogeneity, disequilibrium within rock
2
types, general lack of chilling of the mafic magma within 
the felsic, and wide lateral variation in rock type with 
little vertical variation.
In this paper I present field, pétrographie, and 
chemical evidence for and against a variety of mechanisms 
which include in-situ, or shallow level, crystal 
fractionation, crystal fractionation at depth, magma 
immiscibility, thermogravitational diffusion, volatile 
transfer, assimilation, and magma mixing.
I first give a brief overview of the geologic 
background, field, pétrographie, and chemical data; I then 
present arguments for and against the various mechanisms.
GEOLOGIC BACKGROUND
The Little Belt Mountains are located in the central 
Montana alkalic province (Larsen, 1940) [Fig. 1 ]. The 
province lies east of the Rocky Mountain front and consists 
of a number of isolated igneous centers that generally
contain both alkaline and calc-alkaline rocks. Rocks in the 
province range in age from late Cretaceous to Eocene. 
Igneous activity was dominantly intrusive from 69 to 58 mya, 
whereas magmatic activity was both intrusive and extrusive 
from 54 to 47 mya (Marvin and others, 197 3; Marvin and
others, 1980; Daniel and Berg, 1981). The bulk of the 
dating is by the K-Ar method, but fission track dating, in 
the Moccasin and Little Rocky Mountains, and fission track 
and U-Th-Pb dating, in the Judith Mountains, confirm the K- 
Ar dates of these centers to between 69 and 60 mya (Marvin 
and others, 1980). Rubidium-strontium mineral isochron
data from the Crazy Mountains indicates igneous activity at
48 mya (Dudas and others, 1987).
Alkaline rock types range from minor kimberlite and 
carbonatite to shonkinite to syenite. Associated calc- 
alkaline rocks are primarily intermediate to felsic in 
composition, mostly monzonites, diorites, and granites. The 
province contains extrusive rocks of the same composition as 
those listed above (Larsen, 1940). Shonkinite and syenite 
and their association with calc-alkaline rocks best
L 0C *T H )N M A P  CENTBAL MONTANA a l k a l ic  PROWMCE
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Fig. 1 Map s h o w i n g  the c e n t r a l  M o n t a n a  
L i t t l e  Belt M o u n t a i n s  and Y octa a l k a l i c  p r o v i n c e .
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characterize the province.
The cause of central Montana magmatism is uncertain. 
Continental alkaline magmatism generally occurs in stable 
cratons (Butakova, 1974; Mathias, 1974), over the deep end 
of subduction zones (Morrison, 1980), or in areas of slow 
rifting (Bailey, 1974; Hyndman, 1985, p. 350) All three of 
these settings might apply to the central Montana alkalic 
province. The rocks predominantly occur within a craton, 
the Archean Wyoming Province (Eggler, 1987). The east 
African rift zone, the Gardar region of Greenland, and the 
Rhine graben are examples of the association of alkaline 
magmatism and slow rifting (Bailey, 1974). Although long 
standing megashears, as characterized by the Lewis and Clark 
lineament, (Smith, 1965) lie near the province, there is no 
good evidence for rifting similar to the above occurrences. 
During Eocene time, and earlier, central Montana was located 
over the deep end of a subduction zone, although the arc was 
about 600 to 700 km to the west (Snyder and others, 1976; 
Armstrong, 1978). Several workers suggest that all of the 
Cretaceous to Eocene magmatism in the northwest was 
subduction related. Snyder and others (1976) suggested that 
a very shallow angle of subduction might account for the 
magmatism up to 1500 km east of the arc. Lipman and others 
(1972) proposed imbrication of the subducted slab to account 
for the width of the zone of magmatism.
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The mafic rocks in the province derive from the mantle, 
and the high chromium, nickel, and magnesium values suggest 
that the magmas are primary, or close to primary. 
Geochemical and strontium, lead, and neodymium isotopic data 
of alkaline magmas and the included mantle xenoliths led 
Eggler (1987), Meen and Eggler (1987), and Dud as and others 
(1986) to suggest that the parental magma for mafic alkaline 
rocks within the Archean Wyoming Province is the 
lithospheric upper mantle. Rocks there are dominantly 
metasomatized harzburgite with numerous clinopyroxenite and 
websterite dikes and sheets (Eggler, 1987).
Eocene magmatic activity in the Little Belt Mountains 
was almost all intrusive; Weed (1900) found two basalt flows 
in the southeast part of the mountains. Intermediate to 
felsic rocks dominate. Mafic rocks are restricted to the 
shonkinite associated with Yogo Peak and a few isolated
shonkinite plugs and lamprophyre dikes and sheets (Weed,
1900) .
Neihart quartzite and formations of the Proterozoic
Belt Supergroup overlie Archean basement gneisses and 
schists in the southeast part of the mountains. Elsewhere 
Cambrian Flathead sandstone and younger strata overlie the 
basement. A moderate amount of metallogenesis accompanied 
Tertiary intrusive activity.
YOGO PEAK, FIELD DESCRIPTION
Yogo Peak is a small, elongate intrusion, about 11 km^ 
in area. It is a composite stock but the distribution of 
rock types is very irregular. The stock is mafic, 
shonkinite, on the ends, and becomes increasingly felsic 
toward the center. The long sides of the stock are 
monzonite or syenite with variable amounts of mafic 
minerals. Transitions between rock types are gradational 
and somewhat irregular with no chilled borders, despite the 
large difference in melting temperature among the rock 
types. Figure 2 is a diagrammatic lithologie map of the 
stock. The boundaries between rock types that I have drawn 
are approximate due to the irregular and gradational 
contacts. Meter-scale variance of rock type and grain size 
are superimposed on the broad lithologie changes in the 
stock.
Although lateral variation in rock composition is 
readily evident at outcrop scale, vertical variation. Judged 
from a 300 m high cirque, is relatively minor. Rocks at the 
top of the cirque are syenites and monzonites with variable 
amounts of quartz whereas rocks at the bottom are monzonites 
and syenites with little or no quartz.
Mafic and intermediate rock types contain numerous 
syenite veins and dikes which are frequently irregular in 
outline and anastomosing and sometimes occur as diffuse
8
bands (Figures 3 and 4). They range from a millimeter to 
approximately a meter in width, although the larger dikes 
generally have straight edges. Vein distribution varies, 
although there seems to be a larger volume near the 
contacts. Few mafic dikes outcrop within the stock, all are 
one to two meters wide, and except for one with very 
irregular borders, straight edged.
The rocks also contain abundant mafic inclusions. 
These inclusion are of two main types:
1 ) fine-grained, very dark green to black, and
2 ) moderately fine-grained, speckled black and white and 
intermediate in composition.
For the most part, rocks become progressively finer 
grained away from the southwest border. Then, about 3 km 
from this border the rocks becomes porphyritic. It is in
this area that outcrops disappear and scree begins.
The stock intruded the Mississippian Madison limestone 
at a shallow depth of less than 1200 to 1700 m (Peterson,
1981). Although there is no remnant of the upper contact, 
the shallow depth of intrusion and the lack of evidence that 
the chamber vented suggests that little of the stock was 
removed by erosion.
The intrusion has surprisingly little associated 
contact metamorphism, although some skarns developed
locally.
YOGO PEAK
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Fig. 2 D i a g r a m m a t i c  l i t h o l o g i e  map of Yogo Peak.
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in sh o n k i n i t e .
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Fig, 4. Diffuse syenite bands in 
shonkinite.
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ROCK DESCRIPTION
Rocks of the Yogo Peak stock can be divided into four 
major rock types: shonkinite, monzonite, syenite, and
granite. However, dividing these rocks into four groups is 
misleading due to the complete gradation between rock types. 
For instance, the percent plagioclase of total feldspar 
ranges from close to 0 percent to 60 - 70 percent.
Except for the shonkinite, I use the nomenclature of 
Streckeisen (1979). Shonkinite is essentially a mafic 
syenite, and I make the cutoff between shonkinite and 
syenite at 35 percent mafic minerals. Similarly, I add the 
adjective mafic to monzonites which contain more than 35 
percent mafic minerals.
PETROGRAPHY
Pétrographie analysis reveals that the primary 
difference among the various rocks from Yogo Peak is in 
mineral percentage rather than in mineral composition. This 
is surprising since the rocks fall into both the alkaline 
and calc-alkaline categories and display a wide range of 
chemical compositions. Yogo shonkinites contain significant 
augite and alkali feldspar with variable amounts of biotite 
and olivine. Locally, some contain plagioclase feldspar. 
Apatite and magnetite are the most abundant accessory 
minerals. Magnetite is primarily late stage. The other 
rock types contain roughly the same minerals although some 
also contain hornblende and quartz. Some felsic rocks
contain sphene. Magnetite is more common in monzonite than 
in other rock types but is still, at least in part, late 
stage.
Many of the intermediate and felsic rocks are 
heterogeneous at thin section scale in that mafic minerals 
frequently occur in clumps within essentially mafic-free 
zones. In shonkinites the pyroxenes characteristically occur 
as clots or glomerocrysts, and in intermediate to felsic 
rocks one sees similar clots variably altered to, and/or 
rimmed by, biotite and hornblende [Figures 5 and 6 ].
In thin section one sees numerous disequilibrium 
features. These include plagioclase and clinopyroxene
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zonation; partial dissolution of minerals; olivine
alteration to opaques, iddingsite, and other unidentified 
minerals; formation of kelyphytic rims of biotite, or of 
orthopyroxene followed by biotite, on olivine; and 
hornblende rims on clinopyroxene [Figures 7, 8, 9, and 10].
Alteration or disequilibrium is much more pervasive in 
the intermediate rocks than the mafic. Also, perthite and 
antiperthite are much more prevalent in intermediate to 
felsic rocks.
Pétrographie analysis reveals that some of the
xenoliths are similar in mineralogy to shonkinites, although
alteration is much more extensive. Pyroxenes are almost
completely altered to hornblende and the cores of the 
feldspars are also extensively altered [Figure 11]. Other 
xenoliths are very biotite rich, with little pyroxene and no 
olivine; some are foliated. These xenoliths are probably 
country rock.
Appendix I contains a compilation of mineral data for 
the 2 3 chemically analyzed rocks and the locations of these 
samples. I also include a location map for Yogo Peak in 
this section.
I discuss relevant aspects of the petrography in
greater detail in the sections on various mechanisms.
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Fig. 5 P h o t o m i c r o g r a p h  of c l i n o p y r o x e n e
clot in sh o n k i n i t e ,  shown in plane 
l i g h t . cpx = c l i n o p y r o x e n e
16
0,5 mm
Fig. 6 P h o t o m i c r o g r a p h  of a l t e r e d  clino-  
p y r o x e n e  clot in syenite, shown 
in plane light.
IT
0.5 mm
Fig. 7 P h o t c m i c r o g r a p h  of c l i n o p y r o x e n e  
s h o w i n g  d i s s o l u t i o n  sp o t s ,  u n d e r  
c r o s s e d  p o l a r s .
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ig. 8 P h o t o m i c r o g r a p h  of c l i n o p y r o x e n e  in 
m o n z o n i t e  r immed by, a n d / o r  a ltered 
to, h o r n b l e n d e ;  shown in plane light, 
hbl = h o r n b l e n d e
19
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n
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0.5 nun
Fig* 9 Photomicrograph of olivine in mafic 
monzonite, partially rimmed by 
biotite; shown in plane light* 
ol = olivine, bi = biotite
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. 0.5 mm ̂
Fig. 10 Photomicrograph of altered olivine
in quartz-bearing monzonite. Olivine 
altered to iddingsite, magnetite, 
and other unidentified minerals.
Mass rimmed by biotite; shown in 
plane light, mt = magnetite
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Fig, 11 Photomicrograph of sieve-textured
plagioclase cores in mafic xenolith 
in granite, in plane light.
GEOCHEMISTRY
In this section I present a brief overview of the whole 
rock chemistry of twenty-three samples from Yogo Peak. I 
discuss the relevant chemistry in detail in the sections on 
possible mechanisms of petrogenesis.
Twenty-three major, minor, and trace elements were 
analyzed at Washington State University by x-ray 
fluorescence. Appendix II contains details of methods and 
precision. However, it is important to note several things 
about the analyses. First, the precision for nickel, 
chromium, scandium, vanadium, and barium is poor enough that 
they can only be considered semi-quantitative for values 
less than 30 ppm. This stipulation applies to all of the 
scandium values, nickel and chromium for EC116, and vanadium 
for E C U 6 and LV57*. Secondly, iron total is represented as 
Fe203 according to the ratio Fe203/Fe0 = 0.87. Lastly, I
requested trace element analysis of 12 rocks and took 
special precautions to try to avoid contamination of these 
samples. However, by mistake, all of the samples were 
analyzed for trace elements. In the text an asterisk (*) 
marks the samples for which I requested trace element 
analysis. Apparently, contamination was minor because the 
trends change little if the "unprepared" analyses are used 
as well as the "prepared".
Figures 12 through 14 are variation diagrams for major
22
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and minor element chemistry versus silica. Table 1 contains 
the chemical analyses and norms. Strong inverse trends 
exist between silica and calcium, magnesium, iron, 
manganese, phosphorus, and titanium^ Trace element 
correlations are, for the most part, not as well defined as 
the major elements. However, a negative correlation exists 
between silica and nickel, chromium, vanadium, yttrium, 
copper, and zinc. At least part of these negative 
correlations must be attributed to the wide range in silica 
values, from 47.54 % to 76.24 %; however, use of Nockolds 
and Allen's (1953) abscissa [ % 1/3 Si02 + K2O - (CaO + 
MgO)] yields similar trends.
There are several important things to note about the 
data. Nickel, chromium, and magnesium values are high with 
nickel values as high as 283 ppm, chromium as high as 691 
ppm, and magnesium as high as 13 %. Numbers in this range 
suggest mantle derivation with little fractionation since 
removal from the source (Sato, 1977 ; Hart and Davis, 197 8; 
Mertes and Schmincke, 1985; Meen and Eggler, 1987). Sodium 
and potassium values are fairly high and equivalent. Figure 
15 shows that according to Irvine and Barager's (1971) 
diagram some of the rocks from Yogo Peak are alkaline and 
others calc-alkaline.
15
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CHEMICAL ANALYSES
27
SAMPLE # EC108* EClll* MP45* EC117* YPl* YP15*rock type AFSH AFSH AFSY AFSH AFSH AFSH
% Si02 47 .54 51.61 51.67 52.04 52.04 52.28
Ti02 0.811 0.952 0.953 0 .725 0.783 0.857AI2O 3 10.78 13.18 13.14 11.33 13.12 12 . 249.53 9.55 9.36 8.44 9.41 9.02MnO 0 .147 0.16 0.158 0.169 0.167 0.145MgO 13 .07 8.14 8.12 9.83 9.11 9.93CaO 13.09 9.16 9.39 11.56 8.61 8.08Na20 1.26 2.11 2.11 1.57 2.22 2.17
K 2O 2.8 4.11 4.08 3.6 3.6 4.150 .537 0.619 0.626 0 . 358 0.554 0.614
ppm Ni 228 87 83 111 149 215Cr 691 351 335 434 464 586Sc 30 27 26 38 26 27V 182 188 193 171 183 188Ba 1956 1942 1878 1818 1739 2431Rb 84 153 154 118 133 142
Sr 980 988 969 712 820 1147
Zr 121 189 193 132 173 181
Y 19 27 26 21 25 22
Nb 9 14 14 5 11 11
Ga 11 15 14 15 17 14
Cu 65 32 34 18 19 43
Zn 77 88 91
NORMS
95 83 82
q 0 0 0 0 0 0or 16.55 24.29 24.11 21.28 21.28 24.53
ab 4.4 17 .85 17.84 13.29 18.79 18.36
an 15.49 19.21 14. 33 13.24 15.2 11 .4
c 0 0 0 0 0 0
Ic 0 0 0 0 0 0
ne 3. 39 0 0 0 0 0
di 36.29 17.67 22.35 33.05 18.99 19.55
hy 0 3.13 5.01 5.58 11.1 8 .6
ol 14.27 9.89 6.38 5.28 5.16 7.92
mt 6.42 6.44 6 . 31 5.7 6.35 6.09
il 1.54 1.04 1.8 1. 39 1.48 1.63
ap 1.25 1.44 1.46 0.83 1.27 1.41
Table 1. Chemical analyses and norms. AFSH = alkali 
feldspar shonkinite, SH = shonkinite, MM = 
mafic monzonite, M = monzonite, QM = quartz 
monzonite, AFSY = alkali feldspar syenite, 
SY = syenite, QSY = quartz syenite, AGR = 
granite, # = dike, * = prepared for trace 
element analysis.
MPLE # YP35b YPll YP6* YP24* MP51
28
Z106*ck type SH , MM MM M M M
% Si02 52.96 50.19 52.35 56.20 56.49 59.26
Ti02 0.779 0.751 0.867 0 .661 0.848 0.598AI2O 3 14.3 12.67 14.14 13.57 13.08 14.818.27 9 .58 8.55 7.14 8.02 5.99MnO 0.142 0.169 0.14 0.124 0.134 0.113MgO 7.28 10.47 8.08 7.86 6 . 37 4.72CaO 8.76 10.08 8.58 6 .82 7.62 5.38Nô20 2.36 2.2 2.57 2.76 2.66 3.53K2O 4.25 2.89 3.63 3 .94 3.64 4 . 67
0 .505 0.566 0.589 0 .459 0.555 0.414ppm Ni 97 283 133 174 81 68Cr 289 592 340 441 257 187
Sc 27 26 31 18 16 13
V 182 188 173 142 175 111
Ba 1920 1815 2554 2184 3227 2649
Rb 155 126 118 126 115 160
Sr 961 1026 1311 1099 1587 1434
Zr 176 145 161 194 242 279
Y 24 22 22 20 21 22
Nb 12 11 13 15 17 30
Ga 18 15 17 17 17 19
Cu 40 16 36 36 22 33
Zn 80 81 81 65 80 81
q 0 0
NORMS
0 4.53 5.57 5.04
or 25.12 17.08 21.45 23.28 21.51 27.6
ab 19.97 18.62 21.75 23 . 35 22.51 29.87
an 15.87 16 .16 16.33 13 13 10.77
c 0 0 0 0 0 0
Ic 0 0 0 0 0 0
ne 0 0 0 0 0 0
di 19.27 23.87 17.75 11.78 16.85 10.53
hy 6.76 2.42 7 .95 14.81 11.88 9.53
ol 4. 38 12.21 5.48 0 0 0
mt 5.58 6.47 5 .77 4.81 5.41 4.05
11 1.48 1.43 1.65 1.25 1.15 1.14
ap 1.18 1.31 1.37 1.07 1.3 0.95
SAMPLE # YP19* HD10 3 C134 EP69 EP65
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LV57*Rock type AFSY AFSY SY SY QSY AGR
% S1O2 55.08 56 .28 59.20 6 3.66 67 .92 69.87
Ti02 0.705 0.695 0.604 0.495 0 . 366 0 . 287AI2O 3 12.47 13.35 15.1 15.67 16 .02 16 .08F02O3 7.69 7.01 5.51 5.02 2.77 1.99MnO 0.131 0 .127 0.09 0.111 0.041 0 .025MgO 8.89 7.3 4.5 2.22 1.58 0.9CaO 6 .67 7.24 5.5 3.67 2.4 1.81Na20 2.58 3.07 3.62 3.88 4.09 4.21K 2O 4.74 3.87 4.97 4.6 4.13 4.22
0 .526 0 .468 0 .402 0.246 0 .158 0.1ppm Ni 211 131 86 40 38 54Cr 440 339 202 85 36 51Sc 19 19 13 11 2 0V 129 138 113 84 47 15Ba 2682 2941 2504 2157 3009 3095Rb 165 122 162 168 111 105Sr 1229 1765 1390 1308 1507 1432
Zr 206 214 309 327 240 212
Y 23 20 20 22 11 9
Nb 21 24 30 35 21 19
Ga 16 14 19 21 18 19
Cu 35 74 25 11 7 21
Zn 74 87 57 74 50 16
q 0 1.72
NORMS
3.74 12.85 20.77 23.95
or 28.01 22.87 29. 37 27.18 24.41 24.94
ab 21.83 25.98 30.63 32.83 34.61 35.62
an 8.45 11.22 10.28 11.76 10.87 8.33
c 0 0 0 0 0.84 1.54
Ic 0 0 0 0 0 0
ne 0 0 0 0 0 0
di 16.76 17.13 11.44 4.36 0 0
hy 13.71 13.36 8.25 5.79 5 .05 3.0
ol 2.97 0 0 0 0 0
mt 5.19 4.73 3.71 3.39 1.87 1. 35
11 1.25 1.33 1.14 0.95 0.7 0.55
ap 1.23 1.09 0.93 0.37 0.37 0.23
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SAMPLE # C133*# YP14# EC115# R92C# EC116#
Rock type MM SY QM QM R
% Si02 53.54 62.94 62.97 64. 34 76.24
Ti02 1.021 0 .428 0 .546 0.474 0.140
AI2O 3 13.28 16.47 14.96 14.53 13.68F02O3 8.93 4.02 4.97 4.08 1.46MnO 0.13 0.06 0.062 0.097 0.019MgO 8.71 3.11 4.02 3.41 0 . 6CaO 7.43 3.46 4.38 3.84 1.18N02O 2. 34 3.83 2.77 3.6 1.79K 2O 3.53 4.88 4.54 4.82 4.71
0 .503 0.256 0 . 324 0 . 348 0.013ppm Ni 71 102 64 61 23Cr 46 6 145 185 195 17Sc 22 7 6 9 0V 178 71 88 67 0
Ba 3471 2969 2690 2558 979
Rb 100 131 145 130 178
Sr 1132 1693 1088 117 251
Zr 202 354 201 214 116
Y 25 19 16 14 10
Nb 8 17 16 15 28
Ga 16 19 17 19 21
Cu 100 14 1 7 0
Zn 67 46 48
NORMS
52 11
q 1.1 10.31 16.38 13.41 44.1or 20 .86 28.84 26.83 28.49 27.84
ab 19.8 32.41 23.44 30.46 15.15
an 15.31 13.34 14.98 9.25 5.79
c 0 0 0 0 3.52
Ic 0 0 0 0 0
ne 0 0 0 0 0
di 14.49 1.69 3.72 5.97 0
hy 18.75 8.74 8.15 7.5 2.17
ol 0 0 0 0 0
mt 6.02 2.71 3.35 2.75 0.99
11 1.94 0 .82 1.04 0.89 0.27
ap 1.16 0.6 0.74 0.81 0.02
Si02 vs K20 + Na20
8.5
alkaline
subalkaline
4.5
45 50 55 60 65 70 75
SÎ02
Pig. 15 Yogo Peak rocks plotted on Irvine and Barager's (1971)
silica vs total alkalis diagram shoving division between 
alkaline and calc-alkaline rocks. Symbols as for Fig. 12.
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It is appropriate at this point to make a few comments 
on the use of trace elements as petrogenetic indicators. 
Models incorporating trace element data make two important 
assumptions :
1 ) that the elements in question behave as dilute 
solid solutions and follow Henry's Law, and
2 ) that equilibrium or near equilibrium conditions 
exist in the system (Arth, 1976).
For the first condition to be true the element cannot form a
stoichiometric constituent in a mineral, i.e. titanium in 
sphene or zirconium in zircon.
The second stipulation poses an even greater problem. 
Disequilibrium is often readily evident from pétrographie 
analysis of a rock as evidenced by the commonplace 
occurrence of mineral zonation and resorption, but sometimes 
it is more subtle.
If crystal growth rates are too fast, or diffusion 
rates within the magma are too slow, the magma immediately
adjacent to a growing crystal may not reflect that of the
bulk of the magma. If this type of disequilibrium occurs. 
Hart and Alljgre (1980, p. 122-24) note that trace elements 
will not partition according to the actual partition 
coefficient but according to the "effective" partition 
coefficient. Their calculations indicate that use of 
equilibrium partition coefficients can yield fairly
33
reasonable models for trace elements with low partition 
coefficients < 1 ) provided that crystal growth rate is 
not too fast. However, compatible element (K^ > 1}
effective partition coefficients can diverge significantly 
from the equilibrium coefficient. For example, for a 
crystal growth rate of 4 x 10"^^ cm/s, and a bulk diffusion 
coefficient of l x 10“® cm^/s, the effective partition
coefficient differs by more than 20 % from the actual for
crystals larger than 0.01 cm with = 10, and for crystals
larger than 0.2 cm with = 3.
At Yogo Peak the disequilibrium readily evident from 
thin section analysis may be compounded by subtle forms of 
disequilibrium as discussed above. This disequilibrium may 
account for part of the scatter of the trace element data as 
compared to the very good correlations for the major 
elements.
The above discussion applies to crystal - liquid 
partitioning but trace elements follow different rules 
depending on whether they are partitioning between liquid 
and crystals, liquid and vapor, or liquid and liquid.
Trace element partitioning between crystals and liquid 
basically follow Goldschmidt's Rules (1937). Trace elements 
similar in size and charge to a stoichiometric element will 
follow that element. More specifically, Goldschmidt's Rules 
state that elements with radii within 15 % of each other and
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similar charges can replace one another. For example 
rubidium and cesium follow potassium, nickel follows 
magnesium, and chromium follows iron(III). Later work
indicates that bond type and strength (Ringwood, 1955), and 
ligand field stabilization energies also affect replacements 
(Taylor, 1965; Burns, 1970; Hyndman, 1985, p. 114).
Liquid-liquid differentiation, i.e. liquid
immiscibility, Soret separation, causes some cations to 
partition differently from that expected for crystal-liquid 
separation. This difference occurs because cations don't 
need to fit into the rigid crystalline structure. Instead
the controlling factor is the structure of the melt. I 
address this subject below in the section on magma
immiscibility, but note that high charge density cations 
such as titanium and phosphorus partition into the mafic 
melt (Hess, 1971; Watson, 1976). This behavior is opposite
to that expected from crystal fractionation.
The presence of volatiles may also cause trace elements 
to partition differently from that expected from either 
crystal- liquid fractionation or liquid-liquid
fractionation. Elements such as yttrium and scandium which 
tend to complex with volatiles will tend to be enriched in 
the volatile-rich phase, usually upward (Hildreth, 1979).
MECHANISMS
What is the primary mechanism that led to the
association and relationships of the diverse rock types at
Yogo Peak? This is the main question I address in this 
study.
To try to solve this problem I compare and contrast the 
viability of a number of mechanisms to see which best fits 
the field, pétrographie, and chemical relationships at Yogo 
Peak.
Mechanisms commonly invoked to explain a range in 
composition of rocks associated in space and time include
the following:
1) Magma immiscibility
2) Thermogravitational diffusion/ volatile movement
3) Magma mixing
4) Crystal fractionation
5) Assimilation
Of these, crystal fractionation by crystal settling and/or
floating seems to be the most popular mechanism. This is a 
gravity driven method of differentiation. The fact that 
lateral variation of rock types at Yogo Peak is much greater 
than vertical variation casts doubt on the viability of this 
mechanism, or of any in situ gravity driven mechanism, as 
the primary means of evolution. Therefore, immiscible 
separation and thermogravitational diffusion are also
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unlikely alternatives as the primary mechanism at Yogo Peak, 
although the relatively small magnitude of vertical 
variation and lack of horizontal stratification at Yogo Peak 
is not the only argument against these mechanisms.
Few people have worked on Yogo Peak since Weed (1900) 
and Pirsson's (1900) comprehensive survey of the Little Belt 
Mountains. They suggested that the rocks within the Yogo 
massif resulted from some unspecified mechanism of in situ 
differentiation.
More recently. Woodward (1968) concluded that the 
dominant trends at Yogo Peak are due to in situ 
differentiation of a nepheline normative shonkinitie parent 
to form monzonite, syenite, and granite. He suggested that 
settling of olivine and pyroxene and fractionation of sodium 
by both plagioclase and alkali feldspar account for the 
trends. He adds that oxidation of olivine
( 3Fe2SiO^ 4- 3Mg2SiO^ ) + O2 2Fe^0^ + 6 MgSiOg
f̂ ay explain, in part, the silica enrichment trend.
Larsen (1940) suggested that a basaltic parental magma 
differentiated at depth to form the parental magmas for each 
sub-province. Little Belt Mountains, Highwood Mountains, and 
so on, in the central Montana alkalic province. Witkind
(1969) proposed that the similarity of pyroxenes in a wide 
variety of rock types in the Little Belts "may substantiate" 
Larsen's thesis. Witkind (1969) postulated that
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differentiation by settling of plagioclase, olivine, and 
pyroxene might explain the Little Belt rocks. The cumulate 
or crystal-rich magma was parental to the mafic magmas, the 
shonkinites and the lamprophyres, whereas the crystal-poor 
residue assimilated a large amount of crustal rocks forming 
the intermediate and felsic rocks.
In the following sections I evaluate each of the five 
proposed mechanisms, using field, pétrographie, and chemical 
data from Yogo Peak.
THERMOGRAVITATIONAL DIFFUSION
Thermogravitational diffusion is a liquid state 
differentiation process proposed by Hildreth (1979) to 
explain large trace element variations with little change in 
major element composition in the Bishop Tuff and other large 
silicic magma chambers. In the Bishop Tuff iron, calcium, 
and titanium values increase downward (in the magma chamber) 
by less than a factor of two. Sodium is enriched upward, 
potassium downward, and the rubidium trend is opposite that 
of potassium. The silica content changes by less than 
2.5 %. Other significant trends include a 10-fold or 
greater depletion of magnesium, strontium, and barium in the 
roof zone. The rubidium trend is opposite that of 
potassium. Most multivalent cations are enriched roofward 
except for titanium, phosphorus, and zirconium. 
THERMOGRAVITATIONAL DIFFUSION AT YOGO PEAK
Although some of the elemental trends displayed by the 
Bishop Tuff exist at Yogo Peak, several factors suggest that 
thermogravitational diffusion could not be the primary 
mechanism of differentiation. Most significantly, the 
dominant variation at Yogo Peak is lateral, not vertical, as 
would be expected from a mechanism controlled in part by 
gravity. Also, Hildreth (1979) proposed thermogravitational 
diffusion to explain significant trace element variation 
with only small changes in major element compositions.
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Major element variation is considerable at Yogo Peak. 
However, thermogravitational diffusion is plausible as a 
secondary mechanism because vertical variation of major 
elements is small.
Volatile movement is the primary mechanism of elemental 
transport during thermogravitational diffusion and leads to 
roofward enrichment of constituents mobilized by a fluid 
phase. Therefore, scandium and other trivalent cations 
which complex with volatiles should be enriched upward. 
This does not occur at Yogo Peak, although I make this 
statement on the basis of only three analyses, two from the 
top of the cirque and one from the bottom. Gallium (+3) is 
the only exception and it's overall low concentrations and 
variation at Yogo make it's usefulness as a petrogenetic 
indicator doubtful. So, although the small magnitude of 
major-element variation is in keeping with that expected 
from thermogravitational diffusion, or volatile transfer, 
chemical variations do not support this mechanism. Also, 
comparison between mafic rocks and felsic rocks indicates 
that the usually more volatile-rich felsic rocks are not 
enriched in the trivalent elements.
To summarize, thermogravitational diffusion, using the 
trends defined by Hildreth (1979), was not a major 
contributory factor at Yogo Peak.
MAGMA IMMISCIBILITY
Some recent work indicates that magma immiscibility may 
explain the association of shonkinite and syenite in a
number of laccoliths in the central Montana alkalic province 
(Edmond, 1980; Kendrick, 1980; Kuhn, 1983; Hirsch and
Hyndman, 1985). These intrusions are similar to Yogo Peak
in that they contain shonkinite and syenite; however, the 
laccoliths have essentially bimodal rock compositions
whereas Yogo Peak contains calc-alkaline rocks in addition 
to shonkinite and syenite. The laccoliths are also 
horizontally stratified.
Magma immiscibility occurs when a magma undergoes 
equilibrium unmixing to form two magmas and is generally 
explained in terms of the nature of the silicate polymer 
melt (Hess, 1971). Before crystallization, some
organization resembling the crystalline structure must exist 
in the melt; silica and doubly bonded oxygens dominate some 
areas of the melt, leading to zones of high polymerization 
with structures similar to the feldspar and quartz branching 
structures. Polyvalent cations, like magnesium and iron, 
require non-bonding oxygens to co-ordinate their charges and 
dominate in other areas of the melt. The main minerals 
formed by these elements are olivine, pyroxene, and 
amphibole which are composed of isolated tetrahedra and 
chain structures. Areas rich in these structures are less
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polymerized than areas dominated by branched structures 
(Hess, 1971).
Evidence supporting immiscibility includes the 
following :
1) Bimodal rock compositions,
2) Rock compositions falling in one of the experimentally 
determined immiscibility fields,
3) Two co-existing glasses with a meniscus between them,
4) A horizontal contact with the lighter, more felsic, rock 
on top, and
5) Coalescing globules of one magma type in another (Edmond, 
1980) .
Certain chemical variations characterize magma 
immiscibility or any differentiation mechanism controlled by 
variation in the melt structure (i.e. Soret separation). 
Aluminum substitutes for silica and is enriched in the 
felsic melt as are monovalent elements, like sodium and 
potassium, which serve to balance the charge deficiency 
created by aluminum substitution. High charge density
cations, like titanium and phosphorus, which need non­
bonding oxygens to co-ordinate their charge imbalance 
preferentially partition into the less polymerized mafic 
magma (Walker and DeLong, 1982). This is contrary to
their behavior during crystal fractionation (Hess, 1971; 
Watson, 1976; Edmond, 1980).
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MAGMA IMMISCIBILITY AT YOGO PEAK
At Yogo Peak field evidence does not support magma 
immiscibility. The felsic rocks do not overly the mafic 
ones, and the rocks are not bimodal; a fairly continuous
chemical trend exists from the most mafic to the most felsic 
rocks for all major elements: and the rocks fall in neither 
Freestone's (1978) nor Roedder's (1978) immiscibility field.
I compared the composition of rocks from three 
laccoliths interpreted as forming by immiscible separation 
to rocks of comparable silica contents at Yogo Peak. The 
rocks are similar in that titanium and phosphorus are 
enriched in the mafic rocks as expected for magma 
immiscibility. (Actually, two of the laccoliths depart from 
the expected immiscible partitioning for titanium.)
Although a small gap exists in some of the major oxides 
between Si02 values of 56% and 59%, most notably magnesium, 
the magnitude of the gap is much smaller than in the 
laccoliths, which exhibit large compositional gaps in
iron(III), magnesium, calcium, and aluminum content. Also, 
aluminum and total alkalies are several percent higher in
the laccoliths than in Yogo Peak rocks.
To summarize, factors inconsistent with immiscible
separation for Yogo Peak rocks greatly outweigh the 
consistencies. Inconsistencies include the gradational 
nature and wide range of rock types, lack of horizontal
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stratification, and abundant evidence of disequilibrium. 
Enrichment of titanium, phosphorus, and vanadium in the 
mafic rocks is compatible with immiscible separation. 
However, not all high charge density cations are so enriched 
[Fig. 13, p. 25], which casts doubt on the significance of 
this one point in favor of magma immiscibility.
CRYSTAL FRACTIONATION
Any mechanism which separates melt from crystals 
qualifies as crystal fractionation. Crystal settling and/or 
floating in the magma chamber is the most frequently cited 
form of crystal fractionation. Factors controlling crystal 
fractionation include magma viscosity, density, and volume, 
the density and size of the fractionating crystals, the rate 
of cooling, amount of convection, and the depth(s) of 
fractionation.
Woodward (1968) suggested that the differentiation at 
Yogo Peak resulted from crystal fractionation of a 
shonkinitic magma. Olivine and clinopyroxene were removed 
and sodium fractionated by both alkali and plagioclase 
feldspar. In this section I analyze the field, 
pétrographie, and chemical data to assess the feasibility of 
crystal fractionation as the primary differentiation 
mechanism at Yogo Peak.
Crystal settling or floating is a gravity driven 
mechanism; therefore, the dominance of lateral over vertical 
variation at Yogo Peak does not support this type of crystal 
fractionation. Progressive crystallization from the edge of 
the magma chamber might lead to a pluton with mafic rocks 
exterior to increasingly felsic ones. This form of
fractionation is more in keeping with the field relations 
than crystal settling or floating, but the stock is mafic
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only at the ends not along the long edges. However, the 
base of the stock is not exposed and the lighter 
intermediate and felsic rocks may have breached the roof 
zone and spread out laterally over the former edge of the 
pluton.
Pétrographie analysis indicates that, with a few 
exceptions, mineralogy at Yogo Peak is compatible with 
evolution by crystal fractionation as defined by Bowen 
(1928). Changes in magma composition with fractionation may 
lead to changes in equilibrium mineral assemblages. 
Ideally, complete re-equilibration occurs and no evidence of 
the previous assemblage is left. Complete re-equilibration 
is a very rare beast indeed; therefore, the mere presence of 
disequilibrium features cannot disqualify crystal 
fractionation. For example, clinopyroxene rimmed by, or 
altered to, hornblende is a reaction generally expected 
during crystal fractionation (Bowen, 1928) and occurs in 
some of the rocks from Yogo Peak.
However, the presence of altered magnesium-rich 
olivine, Fo 80 to Fo 85, in rocks with only fifteen percent 
mafic minerals is harder to explain. Many of these rocks 
contain quartz and quartz and magnesium-rich olivine cannot 
co-exist in equilibrium. If a magma evolves by crystal 
fractionation, olivine should react with the melt to form 
orthopyroxene before quartz begins to crystallize.
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At least some of the olivines are rimmed by 
orthopyroxene. Experimental work by Tsuchiyama (1986) 
suggests that many orthopyroxene reaction rims on olivine 
may not form from simple cooling and magma evolution but 
instead results from disequilibrium due to assimilation or 
magma mixing. There is little or no independent 
orthopyroxene in these rocks which, coupled with 
Tsuchiyama’s (1986) findings, suggests that the magma is in 
equilibrium with orthopyroxene only in the immediate 
vicinity of the olivine.
I believe that the olivine in the intermediate to 
felsic rocks at Yogo Peak is xenocrystic. Evidence that 
supports a xenocrystic origin for these altered olivines 
include : extensive reaction and alteration of the olivine; 
similarity in appearance to less-altered olivine in more 
mafic rocks; progression in the extent of alteration with 
increasing silica content in the rocks ; lack of independent 
orthopyroxene ; and interstitial quartz apparently in 
equilibrium with other minerals in the groundmass. Figures 
9 and 10 (pp. 19 and 20) show a relatively unaltered olivine 
in shonkinite and an altered olivine in a quartz bearing 
monzonite, respectively.
How did the olivine get into these felsic rocks? As 
the density of olivine is greater than either a mafic or a 
felsic magma, the olivine would have to sink into the felsic
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magma, presumably from an overlying mafic magma. in 
addition to the physical implausibility of such an 
occurrence, field relations at Yogo Peak do not support it.
The Yogo Peak rocks parallel the typical calc-alkaline 
trend on an AFM diagram [Fig. 16]. In a crystal
fractionation scenario this trend generally results from 
oxidation of iron and early removal of magnetite from the 
melt with the other early crystallizing phases. However, 
most of the magnetite appears to have crystallized fairly 
late, and one would expect the rocks to mimic the 
tholeiitic, or iron enrichment, trend if the rocks are 
related by crystal fractionation.
Also, a number of the incompatible trace elements, 
phosphorus, titanium, and vanadium, are enriched in the 
mafic magma, whereas crystal fractionation should lead to 
their enrichment in the residual phases [Fig. 13, p. 25]. 
If magnetite crystallized early, the titanium and vanadium 
trends could be explained by their incorporation in 
magnetite.
So far, I present no data that strongly supports, or 
conclusively negates, shallow-level crystal fractionation. 
The chemical analyses may superficially resemble trends 
expected by crystal fractionation but closer inspection 
reveals that the rock compositions do not support shallow- 
level crystal fractionation.
FeO
tholeiitic
calc alkaline
MgO
Fig. 16 AFM diagram of the Yogo Peak rocks. Symbols 
as for Fig. 12. fr-00
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A TEST OF THE CRYSTAL FRACTIONATION MODEL
To test fractionation I assume that the least siliceous 
rock, EC108*, approximates the parental composition for the 
Yogo rocks. I base this assumption on a number of factors. 
It is the most mafic rock analyzed. It has high nickel, 228 
ppm, chromium, 691 ppm, and MgO, 13.07 %, contents. High
nickel, chromium and magnesium values suggest mantle
derivation with little subsequent modification (Sato, 1977; 
Hart and Davis, 1978; Mertes and Schmincke, 1985; Meen and 
Eggler, 1987).
Using the Lotus 123 spreadsheet I calculated
"differentiation" sequences by "removing" various amounts of 
the minerals present in EC108* to see how closely I could
reproduce the analyzed values. I tried all of the minerals
in the shonkinite, even those that seem unlikely candidates 
for fractionation because they crystallized late.
As I do not know the exact compositions of the mineral, 
this method is only semi-quantitative. I scavenged mineral 
compositions from a variety of sources and used these as the 
starting compositions. Olivine and plagioclase feldspar 
compositions are from my own pétrographie analysis and 
Pirsson's (1900) pétrographie work on Yogo Peak. Pyroxene 
compositions used are based on chemically analyzed values by 
Witkind (1969) for shonkinites from the Little Belt 
Mountains. Biotite compositions used are in the range
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calculated by Nash and Wilkinson (1970) for shonkinite from 
Shonkin Sag laccolith in the Highwood Mountains. Despite 
trying a variety of mineral combinations, compositions, and 
percentages, I could not successfully reproduce the trends 
of the analyzed rocks.
The results of the closest fit for the most felsic rock 
analyzed, LV57*, are in Table 2. My attempts to model the 
analyses for some of the less felsic rocks were also 
unsuccessful but less spectacularly so. There were several 
problems. Iron ran out before silica was sufficiently 
enriched. The laboratory set the Fe203/FeO ratio at an
arbitrary value of 0.87. This is similar to values of other 
rocks in alkaline systems (Hyndman, 1985, p. 378). 
Nevertheless, I varied the ratio of ferric and ferrous iron; 
the results were closer but still unsatisfactory. Also, 
calcium and magnesium could not be reduced to the analyzed 
values in the rocks without running out of phosphorus and 
iron, respectively. Aluminum values are much too low due to 
the necessity of fractionating plagioclase feldspar and 
alkali feldspar. Plagioclase was removed to reduce the 
calcium content and alkali feldspar to avoid over-enrichment 
of potassium after removal of other elements.
EC108* was located within half a meter of the contact. 
Skarns and some auto-metasomatic minerals elsewhere in the 
stock indicate that the system was not closed. Therefore,
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the high calcium and low silica content of EC108* may be 
due, in part, to exchange of these components with the 
country rock. I also tested fractionation with the next 
most mafic rock, YPll, with equally unsatisfactory results. 
CALCULATED CRYSTAL FRACTIONATION
OXIDE 
Wt. %
PARENT (EC108*) GOAL (LV57*) CALCULATED 
BEST FIT
Si02 47.54 % 69.90 % 65.05 %
AI2O 3 10 .78 16.10 9.33FeO 5.10 1.06 0.38
^©2^3 0 .42 0.93 0.42MgO 13.07 0.90 6.86
CaO 13 .09 1.81 11.44
NQ20 2.80 4.21 2.07
K2O 1.26 4.22 4.44
P2O 5 0.54 0.10 0.02
MINERALS REMOVED
MINERAL % REMOVED
Olivine (Mg^ ̂ ̂ Fe ̂ ̂ )SiO^
Diopsidic augite*
((Ca.ggMg^S^Fe  ̂2 )(Al,2^^!.8)^6)
Biotite
{K(Mg2Fe+2 ,Pe+3.4)(Si2.72Ali.04Fe+3 24)Oio(OH)) 
Alkali feldspar (K.sNa.^jAisijOç
Plagioclase feldspar Ca ̂ gNa ̂ 2 (S1 2 .2^^1.8)^8 
Magnetite Fe^O^
Apatite CaPO^
12 %
35 %
5 %
5 %
5 %
2 .2 %
1 . 3 %
Table 2 Best fit calculated crystal fractionation for most 
felsic analyzed non-dike rock, LV57*, from Yogo 
Peak. Parent = most mafic analyzed rock, EC108*. 
Goal = the analyses I was trying to reproduce, 
LV57*. Calculated best fit was the closest fit that 
could be achieved. See text for discussion.
HIGH PRESSURE CRYSTAL FRACTIONATION
Meen and Hartley's (1986) experimental work on the 
basalt - shoshonite series from the Absaroka Volcanic 
Province shows that crystal fractionation of phenocryst 
phases (plagioclase-augite-hypersthene-magnetite) can 
account for the potassium enrichment of these rocks. 
Partial melting at 10 kbars yields liquids that reproduce 
the potassium enrichment trends of the shoshonites. These 
melts are olivine normative but yield olivine-free
phenocryst assemblages similar to the shoshonites. Lower 
pressure melting yields rocks with olivine-plagioclase- 
augite assemblages. Evolved magmas exhibit silica
enrichment and are moderate-potassium dacites.
In other words crystallization of the same magma at 
different pressures yields different phenocryst assemblages 
and different potassium contents for rocks of similar silica 
content. Shallow fractionation leads to silica enrichment, 
moderate level fractionation, about 10 kbar, yields
potassium and silica enrichment, and fractionation at > 30 
kbar yields silica-poor, potassium-rich magmas such as 
kimberlites.
Meen (1987, in press) notes that three mechanisms, 
crystal fractionation of mantle-derived magmas, crustal 
contamination of these magmas, and partial melting of the 
crust are responsible for the rocks in the Independence
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volcanic complex in the Absaroka Mountains. He suggests 
that the low silica rocks evolved by crystal fractionation 
at depth causing potassium enrichment; mixing of this magma 
increased the silicon content with little increase in 
potassium content.
Examination of the Si02 vs K2O diagram [Fig. 14, p.26] 
for the Yogo Peak rocks shows such a trend. Also, Yogo 
shonkinites and monzonites resemble rocks in the shoshonitic 
association (Morrison, 1980) except for opposite titanium 
trends on a Si02 vs Ti02 diagram, much higher magnesium 
values, and lower aluminum contents for the Yogo rocks. 
Although the rocks investigated by Meen and Hartley (1986) 
are olivine normative, olivine crystallization was 
suppressed, and this suppression of olivine crystallization 
aided the potassium enrichment (Eggler, 1987, pers. comm.) 
The Yogo rocks contain olivine.
To summarize, although high pressure crystal 
fractionation may be an important factor in the generation 
of potassium-rich magmas, the dearth of relevant 
experimental work and phase diagrams makes a rigorous 
assessment of this mechanism impossible at this time.
ASSIMILATION
Assimilation involves the incorporation of a solid 
within a magma, followed by reaction or melting of the solid 
phase. Unless a magma is superheated, the heat required to 
melt the included material comes, primarily, from the latent 
heat of crystallization. Other heat factors that affect the 
total heat budget of the system are the heat of un-mixing a 
solid solution, heating (cooling) to fusion, and mixing with 
the melt (Nicholls and Stout, 1982). The two most 
significant factors of those listed above are heating to 
fusion and heat of fusion. For a zero heat balance with the 
heat of crystallization supplying the energy for 
assimilation, at least twice as much material must 
crystallize as is assimilated (Nicholls and Stout, 1982). 
Additionally, a magma cannot melt a component that has a 
higher melting temperature than the temperature of the 
magma; it can only react with it (Bowen, 19 28; McBirney, 
1979) .
At the present level of exposure the intermediate to 
felsic rocks comprise about 75 % of the intrusion, and more 
than 75 % elsewhere in the Little Belt Mountains. If the 
mafic magma was the host, a large amount of mafic rock must 
lie at depth to account for the amount of intermediate and 
felsic rock present. If, on the other hand, the felsic 
magma incorporated mafic rocks, one would expect the
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assimilated mafic rock to occur primarily as inclusions and 
xenocrysts due to the higher melting point of mafic rocks 
and common mafic minerals. One does see mafic inclusions 
and xenocrysts at Yogo Peak. However, the coexistence of 
shonkinites with felsic granites seems like an implausible 
combination for assimilation, assuming that one component is 
solid at the time of contamination. For example, if the 
felsic magma incorporated mafic rock how can one explain the 
presence of a significant amount of shonkinite unless the 
mass was somehow entrained as a solid? Also, the
anastomosing syenite dikes suggest that the mafic magma was 
partially liquid at the time these veins intruded.
To summarize, neither heat constraints nor rock
compositions support an origin by assimilation for the Yogo 
stock.
MAGMA MIXING
Magma mixing is a process where two distinct and 
separate magmas are mixed. Magma mixing has recently come 
into vogue to explain a variety of igneous complexes 
(Gerlach and Grove, 1982; Vogel, 1982; Bell, 1983; Vogel, 
1984; Furman and Spera, 1985; Kontak and others, 1986).
Because two or more possibly unrelated magmas are 
mixed, thermal divides and partitioning patterns that 
constrain rocks evolved by differentiation do not apply to 
mixed magmas. However, these factors may come into play 
after mixing.
Some of the features which support a mixing origin in 
Plutonic systems, include the following:
1) Disequilibrium phenocryst assemblages, such as 
labradorite and orthoclase or magnesian olivine and quartz 
(Vogel and others, 1984)
2) Two or more minerals rimming each other, for 
example, diopsidic augite cores with diopside rims, and 
diopsidic cores with diopsidic augite rims (Van Bergen and 
others, 1982),
3) Disec[uilibrium features in minerals including the 
following:
a) pyroxene rims on quartz (Bell, 1983; Kontak and
others, 1986),
b) other reaction rims not caused by peritectic
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relationships or continuous reaction,
c) non-mechanical rounding, i.e. resporption, of 
plagioclase crystals (Bell, 1983),
d) reverse zoning of minerals (Gerlach and Grove,
1982) ,
6) dusty, sieved, or fingerprint textured feldspar 
(Gerlach and Grove, 1982; Bell, 1983; Tsuchiyama, 1985),
7) mantling of alkali feldspar on plagioclase feldspar 
or of plagioclase feldspar on alkali feldspar (Hibbard, 
1981) ,
8) multiple-phase clots and colonial xenocrysts (Furman 
and Spera, 1985),
9) inclusions and dikes of each rock type within the 
other (Vogel, 1982),
10) Xenoliths with cuspate boundaries or other evidence 
of rapid quenching (Vogel, 1982),
11) mafic felsic mineral heterogeneity,
12) late-stage composite and lamprophyre dikes (Furman 
and Spera, 1985), and
13) linear trends on variation diagrams.
The degree of crystallinity and rate of cooling of the 
magmas control, in part, the signs of mixing. For instance, 
net-vein complexes, inclusion of one rock type in the other 
as numerous dikelets and veins that intersect in a random
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pattern, generally occur only in very shallow, i.e. rapidly 
crystallizing, intrusions (Vogel, 1982).
MAGMA MIXING AT YOGO PEAK
Magma mixing best explains a number of the features at 
Yogo Peak. These features include: gradational and
irregular transitions between rock types; mafic to 
intermediate xenoliths and xenocrysts in intermediate to 
felsic rocks; rock type, mineral distribution, and grain- 
size heterogeneity on both thin section and outcrop scale; 
co-existence of alkaline and calc-alkaline rocks ; altered 
olivine with kelyphitic rims in monzonitic to syenitic
rocks.
Unlike the preceding mechanisms, magma mixing can 
explain the gradational and irregular rock transitions and 
the dominance of lateral over vertical variation. This 
variation, as well as several other features discussed 
below, can be explained by intrusion of the felsic magma 
immediately after the shonkinite magma. Mixing and 
homogenization of the magmas would dominate along the area 
of interface leading to formation of intermediate rocks 
between the mafic and felsic rocks.
Gradational rock transitions further indicate that the 
magmas were at approximately the same temperature when 
mixing began, else one magma would be chilled against the
other. Figure 17 shows melting temperatures for basalt and
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rhyolite at different load and water pressures. Note that 
the mafic melting curve is for basalt not shonkinite, the 
average total alkali content for basalt is a little less 
than four (Hyndman, p. 256, 1985). For the shonkinites from 
Yogo Peak total alkalis range from four to six. This higher 
alkali content probably lowers the melting temperature from 
that of the average basalt, but it should still be 
significantly higher than a granite. It is unlikely that 
either the granite or the shonkinite at Yogo Peak were 
water-saturated or completely dry; therefore, 900“C to 
1200®C is a reasonable melting range for shonkinite and 
700®C to 1000®C for granite. For these ranges the magmas 
would have to be hotter than 900®C for the shonkinite to be 
partially liquid. At this temperature the granite was 
probably mostly or completely liquid.
The presence of granite and quartz syenite porphyries 
with 30 % to 40 % phenocrysts also suggests that the felsic 
magmas contained few crystals at the time of mixing. Only 
the most silica-rich rocks at the center of the stock are 
porphyritic. The event that led to porphyry formation must 
have been late in the crystallization history of the stock, 
because it affected only those magmas that crystallized 
last. Some of the porphyries contain only 30 % phenocrysts 
and therefore, probably contained no more than 30 % crystals 
at the time of mixing.
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Mixing readily explains meter-scale lithologie and
grain-size variation. Variable grain size might result from
mixing two shonkinitic magma masses with different size
crystals. Upon emplacement, these bodies are adjacent, the 
similar composition and environment should result in similar 
crystal growth rates. The one with larger original crystals 
will become a coarser-grained rock. A similar argument 
applies to lithologie variation.
Xenoliths of one rock type in another also support 
magma mixing (Furman and Spera, 1985). Some have mineralogy 
similar to that expected for shonkinite inclusions, and some 
do not. Those clearly derived from the shonkinite are often 
quite altered. These xenoliths are generally fine- to 
coarse-grained and show no evidence of quenching. The 
presence of non-quenched shonkinite inclusions supports my 
suggestion that the shonkinite was partially crystalline at 
the time of mixing. Pyroxenes in xenoliths are frequently 
altered to hornblende; biotite and magnetite are abundant; 
magnetite is concentrated along the inclusion/host
interface; and feldspars are extensively altered, 
particularly the cores, and resemble sieve-texture feldspars 
(Tsuchiyama, 1985) [Figure 11, p. 21]. These reactions must 
have resulted from reaction with the host magma. Except for 
the feldspars, the disequilibrium reactions and alteration 
in the xenoliths are identical to those in the stock.
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The fact that the type of reaction of mafic minerals is 
the same in both xenoliths and host rock strongly support a 
magma mixing, or xenocrystic, origin for many of the mafic 
minerals in the host rocks. The frequent occurrence of 
pyroxenes as altered glomerocrysts also supports magma 
mixing (Furman and Spera, 1985). In the section on crystal 
fractionation I propose a xenocrystic origin for altered 
magnesium-rich olivine in intermediate to felsic rocks; 
magma mixing readily explains the presence of these 
olivines.
Although one sees xenocrystic mafic minerals in the 
felsic rocks at Yogo Peak, evidence for inclusion of felsic 
minerals in mafic magmas is not so apparent. The magmas 
were quite hot, perhaps no felsic minerals had crystallized 
at the time of mixing; or, those present melted.
Evidence in feldspars for magma mixing is ambiguous. 
Feldspars in intermediate and felsic rocks at Yogo exhibit 
different degrees of alteration. Alkali feldspar mantles 
some plagioclase feldspar. Hibbard (1981) suggests that 
such mantling results from magma mixing. Most of the Yogo 
feldspars are zoned, relatively high 2v's for these 
feldspars makes pétrographie assessment difficult; electron 
microprobe analysis of these minerals might show that some 
of the zoning is reverse and thus support magma mixing.
In spite of the presence of both quartz and
63
clinopyroxene at Yogo Peak, one does not see pyroxene rims 
on quartz. Quartz dominantly occurs in the groundmass; it 
is a phenocryst phase only in some of the most silica-rich 
porphyries. Because of its late crystallization, quartz
probably was not present during the mixing period and so no 
reaction is expected.
Syenite veins and dikes at Yogo Peak come in a variety 
of forms; some of these may support magma mixing. Near the 
edge of the stock, syenite dikes resemble the net-vein 
complexes described by Vogel (1982) and attributed to magma 
mixing [Figure 3, p. 9]. Petrographically, dike, vein, and 
main stock syenites are similar in appearance.
I have chemical analyses for only one syenite dike in
shonkinite. Using the model that I described in the section
on crystal fractionation, I tried to derive the dike syenite 
from the host shonkinite. I could only reproduce the 
chemical trends by fractionating implausible amounts of
minerals or by removing minerals of unreasonable 
compositions. For example, I had to remove 10 % olivine to 
raise the silica content and lower the magnesium content. 
The shonkinite contains only two to three percent olivine. 
Calcium could not be sufficiently reduced without depleting 
the differentiate in iron or aluminum. Without knowing the 
exact mineral composition of these rocks I conclude that the 
syenite dike could not be derived from the host but crystal
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fractionation.
I also tested immiscible separation of the dike syenite 
from the host shonkinite by plotting the rocks on Roedder's 
ternary diagram which displays the immiscibility field in 
the system Si02 - Al203+Na20+i(20 - Mg0+Ca0+Fe0+Ti02+P2Û5 . 
The rocks do not lie along the edges of the immiscible 
field.
In light of the above arguments, and noting the
similarity in composition between the dike and syenites in 
the main body of the stock, I suggest that the net-veining 
is a manifestation of the mixing.
There are several problems with this argument. First, 
I have chemical data for only one dike and must extend my 
interpretations for it to all of the other dikes; needless 
to say, that is not the way to do good science. Second, if 
this veining is a result of mixing, why isn't the dike 
composition that of the felsic end member, a granite?
I offer two possible explanations for the second
problem. The granitic magma mixed with shonkinitic magma
deeper in the stock leading to rocks similar to the 
"evolved" syenite compositions seen in the stock syenites. 
A second explanation is that the syenite exchanged 
components with the surrounding shonkinite by diffusion 
after emplacement.
Although the net-vein type dikes seem to support magma
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mixing, the thin anastomosing veins within the stock may 
have evolved differently. There is no mafic selvage around 
these veins so the felsic material was not scavenged from 
the immediately adjacent area. If their composition is the 
same as the dikes, then magma mixing may explain their 
presence as well. Their addition to the hotter more fluid
portion of the melt might explain their more dispersed 
nature [Figure 4, p. 10]. Some of the veins are much finer 
than those pictured in the text, and it is somewhat
surprising that the veins retain a recognizable morphology 
if they intruded, or mixed in with, a hot, liquid
shonkinite. Chemical analysis of these veins is needed 
before a further interpretation can be made.
At first glance the chemistry of the Yogo rocks is 
consistent with a primary origin by magma mixing. Ideally, 
mixing of two components should yield a suite of rocks that 
have linear trends on variation diagrams as do the Yogo 
rocks. Also, the straight line "calc-alkaline" trend on the 
AFM diagram [Fig. 16, p. 49] supports magma mixing. It is a
linear trend, and the composition of the two end members
controls its location on the diagram.
Magma mixing can explain the disparate behavior of the 
high charge density cations, enrichment of titanium, 
phosphorus, and vanadium in the mafic magma and zirconium 
and niobium in the felsic [Fig. 13, p. 25], because end
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member compositions are the primary control on the trends. 
MIXING MODEL
Excluding dikes, two samples frequently showed up as 
end members on variation diagrams. The felsic end member, 
LV57*, is a porphyritic alkali feldspar granite, and the 
mafic end member, EC108*, is an alkali feldspar shonkinite.
Using the Lotus 123 spreadsheet and the above end 
members, I calculated a two-component linear mixing model. 
For each oxide I added 1 % through 99 % of the LV57*
component to the EC108* component and recalculated to 100 % 
for all oxides.
Then, using linear regression analysis, I compared the 
analyzed major element values, to the best-fit calculated 
analyses for each sample. In order to reasonably test all 
of the possible permutations a program other than Lotus 
would have to be used, because I had to input the commands 
for the linear regression calculations manually for each 
calculation. I therefore used silica content to narrow the 
range investigated; so the best fit is actually probably 
only approximate. It is for this reason that I don't 
include silica in considering the viability of magma mixing. 
The percent LV57* added for each sample and the correlation 
coefficients are shown in Tables 3 and 4.
For the crystal fractionation model I replaced EC108* 
with YPll* as the mafic end member due to the proximity of
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EC108* to the contact. I made the same substitution for the 
mixing model; EC108* as the end member yielded better 
results. I also substituted EP69, a quartz-bearing syenite 
for the felsic end member because of the low potassium and 
aluminum values for LV57*. The potassium and aluminum 
correlations improved slightly but other correlations were 
not as good as for LV57*.
Figure 18 shows the mixing regression line and the 
actual analyzed samples for several oxides. Correlation
coefficients, r^, for calcium, magnesium, and iron were
fairly good, greater than 0.93. Results for other oxides
were not so good. Correlation coefficients ranged from 0.85 
to 0.90 for phosphorus, sodium, and manganese, and these
correlations indicate that linear mixing can explain most of 
the variation of these elements. Deviation of titanium and 
aluminum is significant, r2 =0.80 and 0.76, respectively. 
The model completely fails to explain potassium variation 
the correlation coefficient is only 0.38.
Magma mixing of a partially crystalline shonkinitic 
magma, bearing olivine and clinopyroxene crystals, with a 
mostly, or wholly, liquid granitic magma best explains most 
of the relationships at Yogo Peak. However, quantitative 
modelling indicates that at least one additional mechanism 
affected the magmas at Yogo Peak.
Correlation coefficients (r^)
A1203 0.76TiOo 0 .80
Fe(tot) 0.96
MnO 0.85
CaO 0.94
MgO 0.93
K2O 0.38
Na20 0.86
P2O5 0.88
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Table 3 Correlation coefficients 
for calculated vs. actual 
values for modeled mixing
Rock sample Rock type % LV57*
EC108* AFSH 0 (mafic end member)
YPll* MM 11
EClll* AFSH 19
MP45* AFSH 19
EC117* AFSY 20
YPl* AFSH 20
YP15* AFSH 21
YP6* MM 22
YP35b SH 24
C133*# MM 27
YP19* AFSY 34
YP24 M 39
HD10 3 AFSY 39
MP51 M 40
C134 SY 52
Z106* M 53
YP14# SY 69
E C U S # SY 69
EP69 SY 72
R92C# SY 75
EP65 SY 91
LV57* GR 100 (felsic end member)
Table 4 Percent LV57* added to EC108* for closest fit for 
each analyzed sample.
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Fig. 18 Regression lines for calculated mixing vs actual values for 
% KpO, % A1 0 , % Fe(tot) as Fe^O^, and % CaO. Points are 
the actual values, lines are the mixing regression line, 
r = correlation coefficient. See text for discussion.
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DISCUSSION AND MODEL
In the previous sections I present arguments for and 
against a variety of mechanisms and conclude that magma 
mixing best explains most of the relationships at Yogo Peak. 
In the following section I present a model for the formation 
of Yogo Peak and offer several theories for the deviations 
from two-component linear mixing.
The central Montana alkalic province lies within the 
confines of the Archean Wyoming Province; Dudas and others 
(1987), Meen and Eggler (1987), and Eggler (1987) suggest 
that the source for shonkinites and other mafic alkaline 
rocks in this region is a metasomatised harzburgite with 
dikes of clinopyroxenite and werhlite.
Magma mixing requires the co-existence of at least two 
magmas; how did these two magmas melt? As I discussed in 
the section on geologic background, the driving force behind 
magma genesis in central Montana is uncertain. Water rising 
off of a subducting slab might have lowered melting 
temperatures in the mantle and caused partial melting. 
Similarly, deep-seated extension and the resulting lowering 
of pressure may have led to mantle melting. Hearn (1975) 
calculated part of the Eocene geotherm using pyroxenes 
derived from peridotite inclusions in kimberlites. He found 
that the section calculated had a much steeper slope than 
typical shield and continental geotherms. Regardless of the
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cause, it appears that a higher than average heat flow 
regime existed in the mantle below Montana during the 
Eocene.
So, the cause of mantle melting which led to shonkinite 
is unknown, what about the felsic magma? I believe
shonkinite provided the heat to melt the felsic magma at 
Yogo Peak. A similar mechanism can apply to other felsic 
and intermediate rocks in the province as well. However, as 
I discussed in the section on assimilation, at the present 
level of exposure, the amount of intermediate and felsic
rocks greatly exceeds the amount of mafic material. Unless
the shonkinite had a large amount of superheat, or the
percent shonkinite of the total stock increases 
significantly at depth, it could not cause melting to form 
the amount of felsic material in the stock.
Shonkinitic magma may have pooled at the base of the 
crust. The long and fairly continuous duration of magmatism 
indicates a mantle magma source under central Montana for at 
least fifteen to twenty million years (Marvin and others, 
1973, 1980; Daniel and Berg, 1981). Fifteen to twenty
million years would be more than sufficient time to melt a 
significant amount of crust. Partial melting of a granite 
in the lower crust would yield compositions similar to 
alkali granite, the most felsic rock analyzed at Yogo Peak.
Both mafic and felsic magmas would rise and possibly
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stagnate at a variety of depths in the crust and any of 
these magmas could mix.
Because the mafic magma is denser than the felsic, it 
must have reached a higher level in the crust to intrude 
before the felsic magma. If it had been below the felsic 
magma, it would have pooled underneath it.
The felsic magma must have risen into, mixed with, and 
entrained parts of the mafic magma immediately after 
emplacement of the shonkinitic magma. The manifestation of 
mixing varies and depends in part on the extent of 
crystallization of the shonkinite. The shonkinite was more 
crystalline along the edges of the stock where mixing is 
dominantly represented as net-veining. The more crystalline 
shonkinite near the wall was incorporated as xenoliths and 
less crystalline parts as xenocrysts and magma. To explain 
the gradational and irregular rock transitions, and lack of 
chilling of syenite veins or metamorphism of shonkinite 
adjacent to syenite veins, the magmas must have been at 
approximately the same temperature. If the felsic magma 
breached the mafic magma and spread out over the top, it 
could explain the intermediate to felsic composition of the 
long edges of the stock. Figure 19 is a cartoon of the 
above model.
The deviation of the actual chemistry from the linear 
mixing model indicates that at least one other process
STAGE 3
Hypothetical cross section 
through the stock.
Felsic magma breaches 
mafic and spreads out 
over the top
granitic 
magma
hybrid magmas
«
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Fig. 19 Cartoon showing how I visualize the generation and 
emplacement of the Yogo Peak stock.
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affected the rocks at Yogo Peak. This process was
undoubtedly some form of differentiation, whether it was 
crystal-liquid, liquid-liquid, or vapor-liquid
differentiation is uncertain.
Analyzed values for potassium and aluminum are 
consistently higher than the mixing trend [Figure 18, p. 70] 
Either potassium and aluminum were removed from one or both 
of the end members, or these components were added to the 
hybrid magmas. Divergence of titanium, and most of the 
other oxides, from the mixing line is primarily due to 
scatter. So, the process causing these deviations may be 
different from the process causing the bulk of the aluminum 
and potassium variation.
In the following paragraphs I first offer a possible 
explanation for titanium and other mafic oxide deviations, 
followed by one that might explain both the potassium and 
aluminum variation, and concluding with a possible 
additional mechanism for potassium variation.
Although titanium is more abundant in the mafic rocks 
from Yogo Peak, sphene occurs only in felsic rocks and 
associated with very thin, less than 0.5 mm, mafic veins 
which appear to be fracture-filling. The thinness of these 
veins makes pétrographie analysis difficult, but they 
definitely contain chlorite and amphibole. Sphene also 
occurs within, or immediately adjacent to, these veins. The
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association of sphene with these hydrous minerals may 
indicate that titanium was mobilized by a volatile phase. 
These amphibole-, chlorite-, sphene- bearing veins suggest 
that volatile phase transport may account for part of the 
deviation in the mafic oxides, particularly titanium.
The similar form of potassium and aluminum variance 
suggests that the mechanism acting on these oxides may be 
the same. Addition of an alkali feldspar-rich component 
might e x p l ^ n  this variation.
I tested this theory by calculating the aluminum and 
potassium in excess of that specified by mixing. Then I 
combined these for each sample in the proportions needed to 
make pure potassium alkali feldspar until one or the other 
of the components ran out. I added the amount of potassium 
and aluminum in the alkali feldspar to the calculated mixing 
values and compared the new calculated rock composition to 
the analyzed values for the rock. Whereas mixing alone 
could account for 38 % of the potassium variation and 76 %
of the aluminum variation, mixing and addition of alkali 
feldspar can account for 55 % of the potassium variation and 
82 % of the aluminum variation.
Differential cation diffusivity may also contribute to 
part of the potassium deviation and the non-systematic 
nature of the potassium variation. The mixing model I used 
assumes that all components mix linearly and proportionally.
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that is, by physical mixing. Chemical diffusion might 
accompany this physical mixing and/or occur after mixing. 
Usually, diffusion of silica controls the diffusion rate of 
the other cations as well. However, certain cations, most 
notably potassium, may diffuse at a much faster rate 
(Watson, 1982). Accelerated diffusion rates usually result 
from the presence of an activity gradient. Watson (1982) 
notes that between a basaltic and a rhyolitic magma, 
potassium diffusion proceeds rapidly until the mafic/felsic 
ratio is approximately 1/2 to 1/3. Potassium will even 
diffuse up a' concertration gradient to achieve this ratio.
Potassium contents at Yogo do increase with increasing 
silica until about 59 % Si02 and 4.5 - 5 % K2O and then
level off; the ratio between the most potassium-poor and the 
most potassium-rich is about 0.57. However, potassium 
contents drop for the two most silica-rich rocks which 
weakens this argument as an explanation for the variation at 
Yogo Peak.
In conclusion, analysis of field, pétrographie, and 
chemical data indicates that the primary mechanism active at 
Yogo Peak was magma mixing of a partially crystalline 
shonkinitic magma with a partially, or wholly, liquid
granitic magma.
Quantitative assessment of the chemical data indicates 
that magma mixing can explain more than 93 % of silica.
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iron, calcium, and magnesium variation; more than 85 % of
manganese, sodium, and phosphorus variation, 80 % and 76 % 
of titanium and aluminum variation, respectively, but only 
38 % of potassium variation. One, or several, forms of
differentiation, probably account for deviations from ideal 
mixing. Potassium and aluminum values are both consistently 
higher than the mixing trend, but addition of an alkali 
feldspar component cannot explain all of the potassium and 
aluminum variation from ideal mixing.
Electron microprobe analysis of minerals would make 
more rigorous quantitative modelling of mechanisms at Yogo 
Peak possible. Also, detailed analysis of reactions within 
xenoliths, and elemental gradients between xenoliths and 
host, and syenite veins and host, might enhance the general 
understanding of processes at work at Yogo Peak and 
elsewhere in the central Montana alkalic province.
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APPENDIX I 
PETROGRAPHY
Mineral percentages for chemically analyzed samples
Map 1 is a location map for Yogo Peak, and map 2 shows the
locations of the analyzed samples.
YPl* Alkali feldspar shonkinite
olivine 2-3 % 
augite 20-25 % 
biotite 7-8 % 
alkali feldspar 55-60 % 
plagioclase feldspar 5-7 % 
magnetite tr-l % 
apatite 1 %
olivines in good shape, 
some partially rimmed by 
orthopyroxene and bio­
magnetite primarily 
associated with pyroxene 
and olivine
YP15* Alkali feldspar shonkinite
olivine 1-2 % 
augite 25-30 %
biotite 10-12 %
alkali feldspar 55-60 % 
plagioclase feldspar 4-5 % 
magnetite tr-l % 
apatite tr
EC108* Alkali feldspar shonkinite
olivine somewhat altered 
but still easily recog­
nizable as olivine
olivine 3-5 %
augite 30-35 %
biotite 2-3 %
alkali feldspar 60-65 %
plagioclase feldspar tr-l %
magnetite tr-l %
apatite 2 %
zircon tr
EC117* Alkali feldspar shonkinite
0 . 5 m  from contact; 
grain size is bimodal; 
large amount of apatite, 
some up to 0.2 mm in size
olivine tr 
augite 35 % 
hornblende 5-6 % 
biotite 5 % 
chlorite 1-2 % 
alkali feldspar 
plagioclase feldspar 
magnetite tr
40-45 %
5 %
near contact, shows 
evidence of autometa­
somatism and influx of 
calcium from limestone 
country rock; some of 
olivine altered to trem- 
olite and rimmed by bio­
tite; pyroxenes altered
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apatite
zircon
YP35b
tr
tr
Shonkinite
olivine tr
augite 25 %
biotite 5-7 %
alkali feldspar 40-45 %
plagioclase feldspar 7-10 %
magnetite tr-l %
apatite tr
E C l l l * Shonkinite
olivine 3-4 % 
augite 30 % 
biotite 4-5 % 
chlorite tr 
alkali feldspar 60 % 
plagioclase feldspar 
magnetite tr 
apatite tr
8-10 %
YPl l Mafic monzonite
olivine 4-5 % 
augite 20-25 % 
hornblende tr-l % 
biotite 15-18 % 
alkali feldspar 25-30 % 
plagioclase feldspar 20-25 % 
magnetite tr 
apatite 1 %
YP6* Mafic monzonite
olivine 3-4 %
augite 25-30 %
biotite 12 %
alkali feldspar 25-30 %
plagioclase feldspar 25-30 %
magnetite tr
apatite tr
0133*# Mafic monzonite
augite 15 % 
hornblende 8 5 
biotite 12-15 %
to chlorite as well as 
the usual hornblende
olivine altered to 
iddingsite and opaques, 
rimmed by orthopyroxene 
and biotite; magnetite 
generally associated 
with pyroxene glomero- 
crysts and altered 
olivine
olivine lightly rimmed by 
biotite; pyroxene 
dissolution confined to 
very edge of grains; 
magnetite dominantly 
associated with olivine 
alteration and as small 
grains in biotite
olivine altered to 
magnetite, iddingsite, 
etc. and rimmed by bio­
tite; hornblende occurs 
as rims and replacement 
of augite
Olivine is altered and 
rimmed similar to YPll; 
magnetite is associated 
with olivine;
dike rock; pyroxenes 
rimmed by, or al­
tered to hornblende;
06
chlorite tr
alkali feldspar 15-20 %
plagioclase feldspar 40-50 %
magnetite 1-2 %
apatite tr-l %
sphene tr
hematite tr
contains a biotite- 
apatite clinopyrox­
enite xenolith
YP24* Monzonite
olivine 1-2 % 
augite 12-15 % 
biotite 3-5 % 
alkali feldspar 40-45 % 
plagioclase feldspar 35 % 
magnetite 2-3 % 
apatite tr
olivines altered as above 
pyroxenes exhibit bimodal 
grain size; fine grained 
groundmass dominantly 
composed of feldspar 
with minor magnetite
MP51 Monzonite
olivine tr-l %
augite 20 %
hornblende 1-2 %
biotite 3 %
alkali feldspar 50-55 %
plagioclase feldspar 15-20 %
quartz 2-3 %
magnetite tr
apatite tr
Z106*
35 % phenocrysts 
augite 3-4 %
biotite 1-2 %
alkali feldspar 20 % 
plagioclase feldspar 10 %
MP45* Alkali feldspar syenite
olivine tr 
augite < 1 % 
hornblende 22-25 % 
biotite tr 
alkali feldspar 70 % 
plagioclase feldspar 5-7 % 
tr-l %
apatite tr
olivines completely 
altered; hornblende 
rimming and/or altered 
from pyroxene
Quartz-bearing monzonite
Porphyry, percentages are 
of phenocryst phases; 
groundmass dominantly 
composed of feldspars 
with quartz, pyroxene, 
biotite, magnetite, and 
apatite
olivine altered as 
described above; pyroxene 
occurs as an occasional 
core in hornblende; 
magnetite is dominantly 
associated with magnetite 
hornblende
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YP19* Alkali feldspar syenite
olivine 5 %
augite 15 %
biotite 10-12 %
alkali feldspar 65 %
plagioclase feldspar 4-5 %
magnetite tr
apatite tr
HD10 3 Alkali feldspar syenite
olivine tr-l % 
augite 12-15 % 
biotite 2-3 % 
alkali feldspar 75 % 
plagioclase feldspar 2-3 % 
magnetite tr 
apatite tr
C134 Syenite
augite 5-7 %
hornblende 1-2 % 
biotite 2-3 % 
alkali feldspar 60 % 
plagioclase feldspar 10 % 
magnetite tr-l % 
apatite tr 
sphene tr
YP14# Syenite
olivine tr-l %
augite 1 %
hornblende 7 %
biotite 1 %
alkali feldspar 60 %
plagioclase feldspar 15-20 %
quartz 3 %
magnetite tr
apatite tr
sphene tr
EC115# Monzonite
40 % phenocrysts 
hornblende 15 % 
biotite 8-10 %
olivine altered as 
described above; biotite 
abundant, occurs as rims 
on altered olivine as 
well as distributed 
throughout the grain; 
magnetite occurs as fine 
grains in mafic minerals
olivine altered as 
described above
most of magnetite 
associated with pyroxene 
glomerocrysts; alkali 
feldspar is perthitic
dike rock; olivine 
xenocrysts altered as 
described above; alkali 
alkali feldspar is often 
perthitic with occasional 
albite rims
porphyritic; percentages 
are for phenocrysts; very 
fine-grained groundmass
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alkali feldspar 2-3 % 
plagioclase feldspar 12-15
EP69 Quartz-bearing syenite
augite 5-7 %
biotite 1 %
alkali feldspar 60-65 %
plagioclase feldspar 7-10 %
quartz 7-10 %
magnetite tr-l %
apatite tr
containing hornblende, 
biotite, magnetite, feld 
spar and probably some 
quartz
magnetite associated with 
mafic minerals; alkali 
feldspars are often 
perthitic with occasional 
albite rims; alkali 
feldspar occasionally 
mantles plagioclase
R92c# Quartz-bearing alkali feldspar syenite
40 % phenocrysts 
augite 3-4 % 
hornblende 8-10 % 
alkali feldspar 20-25 % 
plagioclase feldspar 2 %
EP65 Quartz-bearing syenite
augite 8-10 % 
biotite 1-2 % 
alkali feldspar 75 % 
plagioclase feldspar 7-8 % 
quartz 5-7 %
magnetite tr 
apatite tr 
sphene tr
dike rock; porphyritic; 
percentages are for 
phenocryst phases; fine 
fine-groundmass composed 
of feldspars and quartz, 
trace magnetite;
hornblende and biotite 
tattered at edges
feldspars deuterically 
altered ; magnetite dom­
inantly in mafic minerals
LV57* Alkali feldspar granite
hornblende 1-2 % 
biotite 2-3 % 
alkali feldspar 70 % 
plagioclase feldspar 
quartz 20 % 
magnetite tr 
apatite tr 
sphene tr
porphyritic; alkali 
feldspar frequently 
perthitic
3-5 %
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EC116# Rhyolite 
10-15 % phenocrysts 
biotite 1 % 
alkali feldspar 5-6 % 
plagioclase feldspar tr-l % 
quartz 5-6 %
porphyritic dike rock; 
percentages are for 
phenocryst phases; very 
fine-grained groundmass 
dominantly composed of 
gray minerals, presumably 
feldspars and quartz, 
also some scattered 
biotite and magnetite
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APPENDIX II 
CHEMICAL ANALYSIS 
Methods, Precision, and Accuracy
I had twenty-three rock samples analyzed for 10 (Si, 
Ti, Al, Fe, Mn, Ca, Mg, K, Na, P) major elements. I also 
chose 12 rocks for trace element analysis and made a special 
effort to prevent contamination of these samples. The rocks 
were analyzed using x-ray fluorescence in the Geology 
Department at Washington State University. They analyzed 
all of the samples for trace elements, not just the ones 
that I had specified. There does not appear to be 
significant contamination of these samples over the others. 
The trace elements analyzed are Sc, V, Ni, Cr, Ba, Sr, Zr, 
Y, Rb, Nb, Ga, Cu, and Zn.
To prepare the rocks for analysis I broke the rocks 
into chips using a hammer and removed the weathered rind. I 
soaked the samples chosen for trace element analysis in 
alcohol to remove any oil left over from thin section 
preparation. I pulverized the chips to sand to silt size 
using a disk grinder with ceramic plates.
At the Washington State University lab approximately 12 
cc of the above material is powdered in a Tema swingmill 
with tungsten carbide surfaces for two minutes. Three and 
one-half grams of this powder is mixed automatically with 
seven grams of pure lithium tetraborate for ten minutes.
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This mixture is then fused in graphite crucibles at 1000®C 
for five minutes. The resulting bead is ground in the Tema 
swingmill for 35 seconds and re-fused.
The flat surface of the cooled bead is ground with 240 
grit for @ 10 seconds then with 600 grit for another 10
seconds. These beads are then ultrasonically washed and 
loaded into the X-ray fluorescence spectrometer.
XRF ANALYSIS
Analyses are made by comparing the x-ray intensities 
for the unknown samples for each element to those off each 
of eight international standards. The standards are run and 
recalibrated about every two weeks, or after a run of 100- 
200 samples.
PRECISION
Two fused tetraborate samples are used as internal 
standards and are run after every 28 samples. The largest 
variation occurs in iron whose count rate decreases with 
time. There is a proportional increase in the other 
elements.
Of the major elements, only Ti02 and Fe203 exhibit a 
relative percent standard deviation of greater than 2 %. 
Trace element precision is considerably lower, particularly 
for nickel, chromium, scandium, vanadium, and barium. As a
94
result, concentrations of nickel, chromium. scandium, 
barium, and vanadium must be regarded as only semi- 
quantitative for concentrations of less than 30 ppm. The 
above restriction applies to all of the scandium values as 
well as nickel and chromium for EC116, and vanadium for LV57 
and EC116.
